Abbreviations: mPEG, methoxypolyethylene glycol. Mean ± SD.
We have designed a series of versatile lipopolyamines which are amenable to chemical modification for in vivo delivery of small interfering RNA (siRNA). This report focuses on one such lipopolyamine (Staramine), its functionalized derivatives and the lipid nanocomplexes it forms with siRNA. Intravenous (i.v.) administration of Staramine/siRNA nanocomplexes modified with methoxypolyethylene glycol (mPEG) provides safe and effective delivery of siRNA and significant target gene knockdown in the lungs of normal mice, with much lower knockdown in liver, spleen, and kidney. Although siRNA delivered via Staramine is initially distributed across all these organs, the observed clearance rate from the lung tissue is considerably slower than in other tissues resulting in prolonged siRNA accumulation on the timescale of RNA interference (RNAi)-mediated transcript depletion. Complete blood count (CBC) analysis, serum chemistry analysis, and histopathology results are all consistent with minimal toxicity. An in vivo screen of mPEG modified Staramine nanocomplexes-containing siRNAs targeting lung cell-specific marker proteins reveal exclusive transfection of endothelial cells. Safe and effective delivery of siRNA to the lung with chemically versatile lipopolyamine systems provides opportunities for investigation of pulmonary cell function in vivo as well as potential treatments of pulmonary disease with RNAibased therapeutics.
IntroductIon
The safe and efficient delivery of nucleic acids to target cells in vivo remains a fundamental problem for the development of RNA-and DNA-based therapeutics. The RNA interference (RNAi) pathway offers the potential to advance the treatment of disease through the specific silencing of gene products not "druggable" by conventional therapies. [1] [2] [3] This specificity is provided through base pairing of small interfering RNAs (siRNAs) with target mRNA transcripts, thus making RNAi-based therapeutics accessible to rational design. In addition, the molecular machinery responsible for RNAi-mediated gene silencing is ubiquitous across many cell types allowing for intervention with many types of disease provided the siRNA can be delivered into the cytoplasm of target cells within the required tissue. Solving the complexity of siRNA delivery is the focus of ongoing research [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] where approaches can be grouped into two categories based on the route of administration: local delivery directly to tissues of interest and systemic delivery to a broad range of tissues. Cationic lipid nanocomplexes have received considerable attention as systemic delivery vehicles for siRNA as they offer protection from nuclease degradation in circulation, increase the siRNA residence time in the blood, mediate interactions with negatively charged nucleic acid cargo and target cell membranes and promote cellular uptake by endocytosis. 7, 19, 20 Delivery via lipid nanocomplexes shifts siRNA biodistribution from the kidneys, the site of accumulation and clearance for "naked" siRNA upon intravenous (i.v.) injection, to other tissues including the lung, liver, and spleen. 20 In vivo application of cationic lipid delivery systems by i.v. injection faces three major obstacles: (i) inefficient delivery, as the required dose of complex often exceeds the amount required for activity by orders of magnitude, (ii) systemic toxicity and innate immune responses, 21, 22 as the highly charged lipid nanocomplexes interact with opsonizing proteins, and (iii) siRNA accumulation in and clearance from the liver, which limit applications to other target tissues. Potentially, each of these issues may be addressed through covalent modification of the lipids with chemical and biological moieties that alter the in vivo behavior of the lipid nanocomplexes. This general approach has been used in other systems which show target gene knockdown after i.v. injection. 7, 23, 24 Therapeutic applications of siRNA have appeared in clinical trials and include potential treatments for macular degeneration, respiratory syncytial virus infection, liver cancer, and other solid tumors and hypercholesterolemia. 17 We have developed a lipopolyamine (Staramine) for in vivo delivery of siRNA. An essential feature of Staramine is that it is amenable to covalent modification which allows the introduction of functional groups to improve the safety and efficiency of siRNA delivery for in vivo applications. In this article, we describe a functionalized Staramine formulation that provides for safe and effective delivery of siRNA to lung endothelium following intravenous administration. The physicochemical properties, in vivo distribution, safety, gene silencing efficacy, and potential therapeutic applications of this lung siRNA delivery system are described.
results

Generation of staramine nanocomplexes
The primary goal in the synthesis strategy was to produce a highly effective siRNA delivery platform based on a lipopolyamine core structure (Staramine) and its functionalized derivatives (Figure 1) . We synthesized two modified Staramine molecules by covalent attachment of methoxypolyethylene glycol (mPEG): Star-mPEG550, a polydisperse mPEG with an average molecular weight of 550 Da and Star-mPEG515, a monodisperse mPEG with a precise molecular weight of 515 Da. Nanocomplexes were formed with Staramine and the mPEG modified Staramine (10:1 molar ratio) and siRNA (20:1 molar ratio). Several studies presented here were performed with complexes containing either nonspecific control siRNAs (siNon) or siRNAs targeting the Caveolin-1 transcript (siCav-1), a widely expressed gene essential to caveolae formation. The average particle size and zeta-potential for these lipid nanocomplexes from multiple independent preparations are listed in Table 1 . In all cases, the particle size measured for the nanocomplexes was ~100 nm; the addition of either mPEG modifier led to a partial reduction in zeta-potential but all formulations remained cationic (25-45 mV) . Nanocomplexes were formed equally well with all siRNAs tested (Supplementary Figure S1 ) and resulted in particles with similar physicochemical properties ( Supplementary Table S1 ).
Assessment of toxicity of staramine and mPeG modified staramine nanocomplexes
As cationic delivery systems are often triggers of systemic toxicity, local and systemic inflammatory responses were evaluated following i.v. injections of Star:Star-mPEG550/siCav-1 nanocomplexes into ICR mice. Chemokine and cytokine transcript levels and cytokine protein levels were determined through quantitative reverse transcription PCR (qPCR) and enzyme-linked immunosorbent assay (ELISA), respectively (Figure 2a,b) . Upon administration of nanocomplexes (40 µg siRNA per animal), there were modest changes in the levels of inflammatory chemokines and their mRNA transcripts in the lungs compared to a 5% dextrose injection. A volcano plot comparing the changes in gene expression to the P value associated with each data set revealed four genes with highly significant changes in expression of greater than fourfold: Ccl2, Ccl7, Ccl12, and IL1r2 (Figure 2a ). Circulating cytokine protein levels were measured by enzyme-linked immunosorbent assay protein analysis of whole blood collected and pooled from four treated animals at 4 hours postinjection (Figure 2b) . Among the cytokines assessed in this study, only granulocyte colony-stimulating factor showed an increase upon treatment with mPEG550-modified Staramine nanocomplexes compared to the dextrose injection. Cytokines typically induced via the innate immune response, interferon-α, interleukin-6, and tumor necrosis factor-α showed no significant change in expression at 6 hours postinjection (data not shown), consistent with PCR array analysis. Complete blood count (CBC) analysis of mouse serum suggested a twofold increase in the average number of circulating neutrophils (Figure 3a) , though this change was within the experimental error of the collected data sets (P = 0.052). No significant change in lymphocyte, monocyte or platelet populations were observed (P = 0.078, 0.068, and 0.11, respectively). Serum chemistry analysis revealed no significant increase in aspartate aminotransferase or alanine transaminase levels that typically accompany liver toxicity and no change in creatinine or urea (BUN) levels indicative of compromised renal function (Figure 3b) . A comparison of acute toxicities resulting from injections of Staramine, Star:Star-mPEG550, and Star:Star-mPEG515 nanocomplexes (measured through a toxicity index derived from cage-side observations) show mitigation of the dose-dependent toxicity obtained with Staramine nanocomplexes upon addition of mPEG (Supplementary Figure S2 ) consistent with improved safety. Immunohistochemical analysis of lung tissue after treatment with Star:Star-mPEG550/siGFP nanocomplexes was performed to evaluate infiltration of peripheral neutrophils (Figure 4) . In mice treated with Star:Star-mPEG550/siRNA nanocomplexes, Gr-1 (a marker for granulocytes) positive cells were detected almost exclusively in the blood vessels (Figure 4a ), similar to treatment with phosphate-buffered saline (Figure 4b) . In contrast, in animals treated with lipopolysaccharide inhalation as positive control for lung inflammation a significant amount of Gr-1 positive cells was found in the alveolar area (Figure 4c) . Omission of the Gr-1 antibody has demonstrated the specificity of the observed signals (Figure 4d mPEG550 particles (Figure 4e ) compared to phosphate-buffered saline injections (Figure 4f ). Similar analysis of liver tissue (H&E staining, Gr-1 staining, and F4/80 staining for macrophages) and spleen tissue (H&E staining and F4/80 staining) at 72 hours postinjection also showed no significant infiltration of macrophages ( Supplementary Figures S3 and S4) . Some splenomegaly was observed with Star:Star-mPEG550/siGFP nanocomplex treatment compared to phosphate-buffered saline injections.
target gene knockdown and biodistribution with PeGylated staramine systems
In order to compare the in vivo behavior of the core Staramine system and the mPEG-modified Staramine system, in vivo activity assays were assessed following i.v. injection of Staramine/ siCav-1 nanocomplexes and Star:Star-mPEG550/siCav-1 nanocomplexes. The initial clearance of i.v. injected Staramine/siCav-1 nanocomplexes (40 µg siRNA) from the blood and corresponding accumulation in the lung and liver was assessed for samples collected 5 minutes after injection (Figure 5a ) using a stem-loop qPCR assay. At this early time, the majority of the siRNA appeared in the liver tissue, with lower levels observed in the lungs and blood. In order to develop a more complete picture of the in vivo biodistribution, changes in siRNA accumulation were assessed for multiple organs as a function of time. Kinetic analyses of the biodistributions for siRNA delivered by both Staramine/siCav-1 nanocomplexes (Figure 5b) or Star:Star-mPEG550/siCav-1 nanocomplexes (Figure 5c ) revealed a persistence of the siRNA in lung tissue that exceeded that observed in the liver, spleen, and kidney. For the Staramine/siCav-1 nanocomplexes, nearly half of the material present in the lung at the 1-hour time point remained at the 24-hour time point, whereas most of the accumulated siRNA was cleared from the liver, spleen, and kidney over that same time frame. The clearance rate of siRNA with the PEGylated particles was again slower in the lung than in other tissues. Target mRNA knockdown was examined in lung and liver tissue at 24, 48, and 96 hours after a single i.v. administration of Staramine/siCav-1 nanocomplexes or Star:Star-mPEG550/ siCav-1 nanocomplexes (40 µg siRNA total dose). Identical injections were performed with complexes containing either the nonspecific control siRNA or the Cav-1 targeting siRNA. The Cav-1 expression levels were determined by qPCR from whole-organ homogenates of lung and liver tissue. For Staramine/siCav-1 nanocomplexes, an ~60% reduction of the Cav-1 transcript is evident at 48 hours postinjection compared to Staramine/ siNon-treated animals (Figure 5d) ; this knockdown persists for 96 hours. For the Star:Star-mPEG550/siCav-1 nanocomplexes, a similar level of Cav-1 knockdown is evident at 48 hours, but appears to subside at 96 hours. Cav-1 transcript levels in the liver are not significantly different than that observed with the nonspecific control siRNA. 
Identification of the transfected lung cell type and verification of rnAi-mediated knockdown
In order to better characterize the lung specific delivery resulting from systemic administration of Star:Star-mPEG550/ siCav-1 nanocomplexes, a series of siRNAs targeting established marker mRNAs for various cell types within the lung were used to identify those cell types transfected most effectively. These studies were performed in a green fluorescent protein (GFP) expressing transgenic mouse line with either GFP targeting siRNAs or cell type marker siRNAs injected on day 1 and day 3 at a dose of 2 mg/kg. Lung and liver tissues were collected 24 hours after the second injection and homogenized for Quantigene analysis of target transcripts. While GFP targeting siRNAs produce only modest GFP transcript knockdown in whole lung homogenates, the screen of marker proteins to several lung epithelial cell types and fibroblasts (data not shown) as well as leukocytes (CD45), endothelial cells (CD31), and GFP reveals significant knockdown of the CD31 transcript, resulting in 70% knockdown relative to nonspecific siRNA control groups (Figure 6a) . Administration of Staramine/siRNA nanocomplexes harboring siRNAs targeting marker mRNAs for other cell types did not result in significant depletion of the endothelial cell marker mRNAs. Further studies used an additional siRNA targeting CD31 (siCD31-2) and an siRNA targeting a second endothelial cell marker transcript, Tie-2, also resulted in significant target gene knockdown relative to nonspecific siRNA controls: 75% knockdown with CD31-1, 70% knockdown with CD31-2, and 67% knockdown with Tie-2 (Figure 6b) . Western blot analysis of whole lung homogenates showed a significant reduction of CD31 protein in the CD31 siRNA-treated animals when compared to animals receiving the Staramine/siGFP nanocomplex (Figure 6c) .
RNAi-mediated transcript cleavage was confirmed by 5′-RACE analysis (Figure 6d) . 
Modification of staramine nanocomplexes with monodisperse mPeG515
Use of the polydisperse mPEG550 modifiers could result in suboptimal performance of the nanocomplexes due to the variable surface properties associated with the heterogeneous mPEG lengths. Lung siRNA accumulation and clearance for nanocomplexes modified either with the polydisperse mPEG550 or with the monodisperse mPEG515 were compared. In contrast to the Star:Star-mPEG550/ siCav-1 nanocomplexes, which had highly variable siRNA clearance rates, the clearance rate of siRNA delivered with Star:Star-mPEG515/siCav-1 nanocomplexes was much more uniform and relatively slow where ~70% of the material present at 1 hour remained after 24 hours and ~25% remained after 168 hours (Figure 7a) . Results are plotted as individual measurements from multiple experiments. Cav-1 transcript knockdown was observed (~50%) in the lung tissue with Star:Star-mPEG515/siCav-1 nanocomplexes at 2 days postinjection with significant knockdown persisting during the 10-day study period (Figure 7b) .
dIscussIon
The success of RNAi-based therapeutics is dependent on modular siRNA delivery systems that allow for chemical modifications to fine tune biodistribution as well as biological activity. We have evaluated the in vivo properties of a versatile lipopolyamine (Staramine) and its chemically functionalized derivatives in an attempt to improve the utility of the lipopolyamine for in vivo delivery of siRNA. The intravenous administration of siRNA with the nonfunctionalized Staramine core resulted in siRNA retention and corresponding RNAi-mediated target gene knockdown predominantly in the mouse lung. Chemical conjugation of mPEG modifiers to Staramine, either a monodisperse mPEG515 or a polydisperse mPEG550, significantly improved formulation stability and safety without affecting the gene silencing activity in the lung. This covalent attachment of mPEG to the Staramine lipopolyamine, rather than simple adsorption to the liposomal surface, is expected to provide greater resistance to displacement by serum proteins and improve serum stability. The lung distribution and gene silencing observed with the Staramine systems is in contrast to the typical systemic behavior of cationic lipid nanocomplexes, which generally show the largest gene knockdown in liver tissue 17, [25] [26] [27] [28] with only transient accumulation of siRNA in the lung. The accumulation of cationic lipid delivery systems in the liver may be attributed to passive mechanisms involving the particular physiology of the liver, in which the fenestrated endothelium provides the potential for particle uptake, or through endogenous targeting mechanisms involving apolipoproteins. Intravenous injection of Staramine/siCav-1 nanocomplexes results in rapid transfer of siRNA from the blood to the liver with both the nonfunctionalized and mPEG modified Staramine systems, a result that mirrors recent observations with the lipidoid-siRNA nanocomplex LPN01. 19 Staramine nanocomplexes are not delivered preferentially to the lung, the first capillary bed encountered in circulation, as the majority of the material detected in the stemloop assays is recovered from the liver tissue shortly after injection. Rather, the fraction of material that does accumulate in the lung is retained over a much longer period than material in the liver, spleen, or kidney. Accumulation of the Staramine systems in the lung tissue is independent of moderate changes in particle size (80-150 nm) and zeta-potential (20-45 mV) and is observed with both PEGylated and non-PEGylated delivery systems alike.
The precise mechanism for siRNA retention in the lung remains unknown, though aggregate trapping seems unlikely as the greatest siRNA retention and longest target gene knockdown duration is observed with Star:Star-mPEG515/siCav-1 nanocomplexes which display reduced aggregation in serum. Delivery of siRNA exclusively to the endothelial cells of the lung may indicate direct transfer of the nanocomplexes from circulation to the cells lining the capillary bed. Although a greater mass amount of siRNA is recovered from the liver tissue, the siRNA content per unit tissue mass is nearly equivalent across these two organs shortly after administration. The correlation observed between siRNA retention and target gene knockdown in lung endothelial cells is consistent with successful delivery and incorporation of siRNAs into RNAinduced silencing complex, though the reasons for faster siRNA clearance rates from and minimal target gene knockdown in the liver, spleen, and kidney are unknown. One possible explanation may lie with the type or types of cells transfected in each organ. The rapid clearance of siRNA from the liver tissue could correspond to uptake by Kupffer cells, monocytes, and macrophages. Though the use of PEGylated nanocarriers generally decreases association with the reticuloendothelial system, the mPEGs used in the Staramine system are of relatively small size (~500 Da) and may still be subject to clearance. The rate of clearance observed with the Staramine systems is quite rapid compared to rates observed with other delivery systems where target gene knockdown in hepatocytes is observed 19 consistent with delivery to other cell types. Intravenous administration of cationic delivery systems can result in systemic toxicity corresponding to electrostatically driven aggregation of particles in the presence of serum proteins, including opsonizing proteins, such as immunoglobulins and fibronectin, as well as components of the complement system. 29 This aggregation has been observed for the Staramine core system through changes in particle size upon addition of serum (Supplementary Figure  S1) and is reduced by the addition of mPEG modified Staramine lipopolyamines to the lipid nanocomplexes consistent with the mPEG mediated improvements in safety. These same modifications result in significant improvements to the delivery safety measured through the toxicity index (Supplementary Figure S1 ) consistent with the accepted view that PEG improves the stability of nanocomplexes in vivo. [29] [30] [31] Cationic lipid nanocomplexes can also be proinflammatory through interaction of both the lipid and the nucleic acid components with the Toll-like receptors of monocytes/macrophages, culminating in the induction of chemokine and cytokine gene expression. 14, 32 The nonspecific siRNA and the Cav-1 siRNA are modified by the manufacturer for optimal serum stability and minimal cell toxicity. The modest cytokine induction observed in vivo upon systemic administration of Star:Star-mPEG550/siCav-1 nanocomplexes involves Ccl2, Ccl7, and Ccl12, monocyte chemotactic proteins induced in lung injury [33] [34] [35] and responsive to type I interferon signaling. 36, 37 These cytokines act as homing ligands for the Ccr2 receptor present on monocytes/macrophages and activated T-cells. The significance of this cytokine increase is not clear because the changes in expression observed for these homing ligands do not result in a corresponding increase in Ccr2 gene expression expected upon monocyte/macrophage recruitment and do not correspond to an increase in circulating monocyte populations in CBC analysis. Similar increases in granulocyte colony-stimulating factor expression may correspond to the apparent doubling in the average number of circulating neutrophils, though the collected data sets for the neutrophil increase are not statistically different at the 5% significance level (P = 0.052). siRNAs synthesized for CD31, CD45, GFP, and Tie-2 included selective incorporation of 2′-O-methyl modifications which abrogate an inflammatory response. These modified siRNAs were tested in-house with human peripheral blood mononuclear cell and showed no sign of cytokine induction. 38 Immunohistochemistry of lung tissue collected after treatment with Star:Star-mPEG550/siGFP showed no infiltration of Gr-1 positive cells into the lung tissue related to administration of the delivery system and H&E staining revealed no significant morphological changes compared to phosphate-buffered saline controls. The lack of induction of tumor necrosis factor-α and interferon-α as well as the minor induction of interleukin-6, are also consistent with minimal systemic toxicity. Collectively, this data suggests minimal toxicity associated with the PEGylated Staramine delivery system.
Localized delivery of siRNA to the lungs has been of particular therapeutic interest and several different types of carriers have been implemented as delivery vehicles for intratracheal (i.t.) and intranasal delivery, including cationic liposomes, polysaccharide nanoparticles, cationic polymers and dendrimers. [39] [40] [41] [42] [43] Recent work on siRNA delivery to the lung via liposomal complexes has compared i.t. or intranasal delivery routes to systemic i.v. delivery. 23, [44] [45] [46] i.t. delivery of naked siRNA and siRNA lipoplexes has resulted in delivery to the pulmonary epithelium, whereas i.v. delivery of siRNA-lipoplexes resulted in significant siRNA accumulation in endothelial cells. Though i.t. delivery resulted in ~20% target gene knockdown in epithelial cells, this activity was accompanied by significant inflammation. 45 Repeated i.v. injections (once every 24 hours over 4 days) of lipoplexes carrying siRNA targeting either the VE-cadherin transcript or the protein kinase N3 transcript (both expressed predominantly in the endothelium) resulted in ~50% target gene knockdown 24 hours after the final injection. A second series of studies comparing i.t. instillation and i.v. injections of naked siRNA and siRNA lipoplexes revealed significant changes in the biodistribution of fluorescently labeled siRNA with epifluorescent and confocal microscopy. 44 i.v. injections of naked siRNA resulted in accumulation in the kidneys and rapid renal excretion, whereas injection of siRNA lipoplexes led to accumulation of fluorescent signal in the heart, lung, spleen, and liver. After a single administration, fluorescent images show a gradual decrease in the signals present in the heart and lung 2 hours after injection, whereas signals in the liver and spleen persist over 20 hours. siRNA delivery with Star:Star-mPEG550 and Star:Star-mPEG515 nanocomplexes has a substantially different kinetic behavior compared to the i.v. injection of the lipoplexes described in these earlier studies, where Staramine promotes siRNA persistence in the lungs and rapid clearance from the liver. Delivery of siRNA with Staramine/siCav-1 nanocomplexes modified with monodisperse mPEG515 resulted in a consistently slow clearance rate for the siRNA from the lung, compared to those composed of Star:Star-mPEG550, which showed more variable rates of clearance over multiple experiments. The prolonged residence of the siRNA in lung tissue when delivered with monodisperse mPEG515 modified Staramine/siCav-1 nanocomplexes results in a similar amount of target gene knockdown compared to the work described above (~50%), but requires only a single administration of nanocomplexes and persists for up to 10 days. As expression of the Cav-1 gene is not restricted to the pulmonary endothelial cells, this knockdown percentage may only reflect activity in the subpopulation of cells that are reached by the delivery system. This hypothesis is supported by studies comparing knockdown of GFP transcripts expressed throughout the lung and CD31 transcripts expressed predominantly in endothelial cells. i.v. administrations of polydisperse mPEG550 modified Staramine/siCD31 (2 mg/kg, two injections) led to ~75% depletion of the CD31 transcript, whereas similar administrations of siGFP nanocomplexes led to ~20% knockdown of GFP transcript. The improved siRNA retention and duration of knockdown of siRNA delivered with Star:Star-mPEG515/siCav-1 nanocomplexes compared to the Star:Star-mPEG550/siCav-1 nanocomplexes and nonfunctionalized Staramine does not correlate with any measured change in the physical properties of the nanocomplex or with the efficiency of siRNA binding onto the nanocomplexes. With this duration of target gene knockdown, dosing regimens including weekly treatments with siRNA nanocomplexes become feasible.
The inherent accumulation of Staramine/siCav-1 nanocomplexes to the lung may provide a promising platform for drug development focused on pulmonary tissue. Significant potential may lie in the treatment of lung cancer, where lung accumulation may act synergistically with carrier uptake in lung tumors through the enhanced permeability and retention of the tumor vasculature. This application may also benefit from the addition of specific targeting ligands to the chemically versatile Staramine nanocomplexes to facilitate uptake by tumor cells. Such applications will require further development of these delivery systems and a greater understanding of the underlying mechanisms dictating biodistribution and retention of nanocomplexes.
MAterIAls And Methods
Synthesis of siRNAs. siRNAs directed against GFP, CD31, CD45, and Tie-2, used in this study were all synthesized at Roche Kulmbach, Germany and consisted of a 21-nucleotide sense strand and a 21-nucleotide antisense strand resulting in a 19 base pairs double strand and two-nucleotide overhang at the 3′-end of both strands.
GFP-siRNA: sense 5′-AAcGAGAAGcGcGAucAcAdT*dT-3′, antisense 5′-UGUGAUCGCGCUUCUCGUUd T*dTC-3′; CD31-siRNA-1:
sense 5′ -GacGAuGcGAuGGuGuAuAdT*dT-3′, antisense 5′-puAuAcACcAUCGcAUCGUCdT* dT-3′; CD31-siRNA-2:
sense 5′-AccAcGAuuGAGuAcGAGGdT*dT-3′, antisense 5′-pCCUCGuACUcAAUCGUGGUdT *dT-3′, CD45-siRNA: 7, 23, 24 sense 5′-cuGGcuGAAuuucAGAGcAdT*dT-3′, antisense 5′-UGCUCUGAAAUUcAGCcAGdT* dT-3′; Tie-2-siRNA: sense 5′-GAAGAuGcAGuGAuuuAcAdT*dT-3′, antisense 5′-UGuAAAUcACUGcAUCUUCdT* dT-3′. The lower-case letters represent 2′-O-methyl-modified nucleotides; asterisks represent phosphorothioate linkages. RNA oligonucleotides were synthesized using commercially available 5′-O-(4,4, 0 -dimethoxytrityl)-3′-O-(2-cyanoethyl-N,N-diisopropyl) phosphoramidite monomers of uridine (U), 4-N-benzoylcytidine (CBz), 6-N-benzoyladenosine (ABz) and 2-Nisobutyrylguanosine (GiBu) with 2′-O-t-butyldimethylsilyl protected phosphoramidites and the corresponding 2′-O-methyl phosphoramidites according to standard solid phase oligonucleotide synthesis protocols. 47 After cleavage and deprotection, RNA oligonucleotides were purified by anion-exchange high-performance liquid chromatography and characterized by electrospray mass spectrometry. RNA with phosphorothioate backbone at a given position was achieved by oxidation of phosphite with Beaucage reagent 48 during oligonucleotide synthesis. To generate siRNAs from RNA single strands, equimolar amounts of complementary sense and antisense strands were mixed and annealed, and siRNAs were further characterized by capillary gel electrophoresis.
Nucleic acids. Two siRNAs (siNon and siCav-1) were purchased from Dharmacon (Lafayette, CO) (siSTABLE, in vivo purified). The Cav-1 siRNA was selected from a set of four individual siRNA molecules, all targeting the Cav-1 transcript, through an in vitro assay of target gene knockdown. These siRNAs carry proprietary modifications reported to improve nuclease stability while resulting in minimal cellular toxicity. The sequences for sense and antisense strands of nonspecific control and Cav-1 targeting siRNAs were as follows: siNon sense: 5′ UGGUUUACAUGUCGACUAAUU 3′ siNon antisense: 5′ UUAGUCGACAUGUAAACCAUU 3′ siCav-1 sense: 5′ GUCCAUACCUUCUGCGAUCUU 3′ siCav-1 antisense: 5′ GAUCGCAGAAGGUAUGGACUU 3′ siRNAs were received from the manufacturer annealed and lyophilized. Stocks were resuspended at 5 mg/ml in water for injection and stored at −20 °C. Sequences for primers and probes used in stem-loop qPCR assays were as follows:
Stem-loop primer: 5′ GTCGTATCCAGTGCAGGGTCCGAGGTA TTCGCACTGGATACGACAAGTCCATA 3′ siCav-1 forward: 5′ CGCGCGGATCGCAGAAGG 3′ siCav-1 reverse: 5′ GTGCAGGGTCCGAGGT 3′ siCav-1 probe:
5′ TCGCACTGGATACGACAAGTCCA 3′ Primers and probes were received from the manufacturer lyophilized; stocks were resuspended at 500 nmol/l in 10 mmol/l Tris (pH 8.0) and stored at −20 °C. Taqman Gene Expression Assays for detection of the Cav-1 transcript were obtained from Applied Biosystems (Carlsbad, CA).
Formulation of Staramine liposomes and siRNA cargo.
Staramine synthesis and purification has been verified through analytical high-performance liquid chromatography, mass spectrometry, and NMR (data not shown). Chloroform solutions of Staramine alone or 10:1 mixtures of Staramine and Star-mPEG550 or Star-mPEG515 were rotary-evaporated to a film. The flask of liposome film was held under high vacuum overnight. Water for injection (B. Braun Medical, Bethlehem, PA) was added to the film to give the desired Staramine concentration and bath sonicated for ~30 minutes using Branson Water Bath Sonicator model 2510 followed by a probe sonication for 5 minutes (using a continuous pulse sonication with an output wattage of 5-10 watts (rms) (Model 100; Fisher Scientific Sonic Desmembrator, Pittsburg, PA). The liposome solution was filtered through a 0.2-µm filter, diluted with 5% dextrose (generating an isotonic solution) and mixed with the desired amount of siRNA. Particle size and zeta-potential of the complexes was measured with 90Plus/BI-MAS Particle sizer with BI-Zeta option (Brookhaven Instruments, Holtsville, NY). Particle size and zeta-potential measurements were conducted using Brookhaven 90 Plus Particle Size and Zeta-Potential Analyzer. The complexation efficiency was determined by gel retardation assay and Quant-iT RiboGreen RNA assays (Life Technologies, Carlsbad, CA). The gel retardation assay was performed by loading the Staramine/ siRNA solution on 1% agarose gel and electrophoresed at 100 V for 1 hour. To release the siRNA from the Staramine nanoparticles, 10% TritonX-100 was added to the complex and the solution was loaded on the agarose gel. The RiboGreen assay was used to determine the percentage of siRNA complexed with Staramine; the fluorescently stained siRNA was measured before and after the disruption of complexes with 10% of Triton X-100.
In vivo experiments. Staramine/siRNA nanocomplexes were diluted into sterile water and injected into the tail vein of female ICR mice or transgenic mice expressing enhanced GFP. Doses were adjusted by altering the concentration of particles in each injection; injection volumes were held constant at 10 µl/g. At various times postinjection, organs were collected and immediately frozen in liquid nitrogen for storage at −80 °C. All procedures used in animal studies at EGEN (Huntsville, AL) were performed in accordance with local, state, and federal regulations and approved by the Institutional Animal Care and Use Committee. Female ICR mice were obtained from Harlan Laboratories (Houston, TX) and ranged from 8 to 10 weeks of age (17-22 g) at the time of each study. All procedures used in animal studies at Roche Kulmbach were performed in accordance with the German Animal Protection Law of 2006, and permission was obtained from (Roth, Karlsruhe, Germany), 500 µmol/l EGTA (Sigma), 1 mmol/l DTT (Roth), 0.5% Triton-X-100 (Sigma). Aliquots of pulverized lung tissue were dissolved in a tenfold amount of buffer and incubated on ice for 30 minutes. The lysates were then vortexed and centrifuged at 16,000g for 5 minutes at 4°C. The supernatant was transferred into a new tube for further processing.
Western blot analysis. SDS-PAGE was performed with a 10% resolving and 4% stacking gel in a Hoefer gel chamber. After electrophoresis, proteins were transferred to a nitrocellulose membrane (Hybond-C extra; Amersham Biosciences, Piscataway, NJ) and probed with antibodies raised against CD31 (Santa Cruz sc-1506) and β-actin (AbD Serotec, Duesseldorf, Germany).
5′-RACE analysis.
Total RNA (5 µg) from lung samples of individual animals treated with different siRNAs was ligated to a GeneRacer adaptor (Invitrogen, Carlsbad, CA) without prior treatment. Ligated RNA was reverse transcribed using a gene-specific primer (GSP: 5′-GAAGGACTCCTGCACGGTGACGTATT-3′). To detect cleavage products, PCR was performed using primers complementary to the RNA adaptor (GR5′: 5′-CTCTAGAGCGACTGGAGCACGAGGACACTA-3′) and CD31 mRNA (RP1: 5′-AGCTTGGCAGCGAAACACTAACACGT-3′). Amplification products were resolved by agarose gel electrophoresis and visualized by ethidium bromide staining. The identity of specific PCR products was confirmed by sequencing of the excised 420 base pairs bands of the nested PCR.
suPPleMentArY MAterIAl
Figure S1 Nanocomplex formation with various siRNAs. Figure S2 Toxicity assessments and serum induced aggregation with Staramine nanocomplexes. Figure S3 Liver histopathology with i.v. injection of Star:Star-mPEG550 nanocomplexes. Figure S4 Spleen histopathology with i.v. injection of Star:Star-mPEG550 nanocomplexes. Table S1 Physical properties of siRNA nanocomplexes.
